Vesicular transport along microtubules must be strictly regulated to sustain the unique structural and functional polarization of bone-resorbing osteoclasts. However, the molecular mechanisms bridging these vesicle-microtubule interactions remain largely obscure. Rab3D, a member of the Rab3 subfamily (Rab3A/B/ C/D) of small exocytotic GTPases, represents a core component of the osteoclastic vesicle transport machinery. Here, we identify a new Rab3D-interacting partner, Tctex-1, a light chain of the cytoplasmic dynein microtubule motor complex, by a yeast two-hybrid screen. We demonstrate that Tctex-1 binds specifically to Rab3D in a GTP-dependent manner and co-occupies Rab3D-bearing vesicles in bone-resorbing osteoclasts. Furthermore, we provide evidence that Tctex-1 and Rab3D intimately associate with the dynein motor complex and microtubules in osteoclasts. Finally, targeted disruption of Tctex-1 by RNA interference significantly impairs bone resorption capacity and mislocalizes Rab3D vesicles in osteoclasts, attesting to the notion that components of the Rab3D-trafficking pathway contribute to the maintenance of osteoclastic resorptive function.
Osteoclasts are terminally differentiated polykaryons whose exclusive function is the degradation of mineralized bone matrix (45) . Excessive osteoclast numbers and/or activity manifests in many pathological osteolytic disorders, including Paget's disease, multiple myeloma, and osteoporosis (55) . These multinucleated cells mature from the asynchronous fusion of mononuclear precursors of the monocyte/macrophage lineage, a process orchestrated by two principal osteoclastogenic cytokines, namely, macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor kB (RANK) ligand (RANKL).
Upon attachment to bone, osteoclasts undergo a defined program of cytoskeletal and membrane reorganizations which culminate in the segregation of their plasmalemma into four distinct domains: (i) the ruffled border, (ii) the sealing zone, (iii) the basolateral domain, and (iv) the functional secretory domain (5, 30, 53, 57) . The sealing zone is circumscribed by a tight ring of a filamentous actin which serves as a site of osteoclast attachment and seals off the underlying resorptive space. Adjacent to the bone surface and limited by the sealing zone, the ruffled border membrane presents the resorptive organelle and serves as an exit site for protons and osteolytic enzymes (e.g., cathepsin K) as well as an uptake zone for the removal of degraded osseous tissue. Thus, vesicular trafficking must be tightly coupled to the osteoclastic cytoskeleton in order to sustain the specialized structural and functional polarization of the ruffled border and basolateral domains. In recent years, several components of the osteoclast vesicle transport machinery have been unveiled (1, 32, 41, 50, 58, 59) . Among these, small Ras-related Rab GTPases (40, 56) have emerged as key regulators of ruffled border formation and function.
We have previously shown that Rab3D, a member of the exocytotic subfamily of Rab3 GTPases (Rab3A/B/C/D), regulates a post-trans-Golgi network (TGN) trafficking step that is required for the maintenance of the ruffled border membrane (32) . Moreover, mice lacking Rab3D were found to exhibit an osteosclerotic (high-bone-mass) phenotype, owing to defective osteoclasts which have abnormal ruffled borders, consistent with a defect in vesicular trafficking. While these findings clearly implicate an important role for Rab3D in vesicle delivery and membrane insertion at the ruffled border, the complement of molecular effectors through which it exerts its regulatory activity remains unknown.
To address this issue, we employed a yeast two-hybrid (Y-2H) system to screen for Rab3D binding proteins. Herein, we identify Tctex-1, a light chain of the microtubule dynein motor complex, as a candidate Rab3D-interacting partner and discuss the functional implications of this novel interaction during osteoclastic bone resorption.
MATERIALS AND METHODS
Antibodies. Rabbit polyclonal antibodies against Tctex-1 were generously provided by S. M. King (20) . Generation and characterization of a monoclonal anti-Tctex-1 antibody and polyclonal rabbit anti-Rab3D antibodies used in this study have been described previously (32, 34, 42) . The other antibodies used were mouse anti-dynein intermediate chain (IC74) (Chemicon), goat anti-human Rab3D (Santa Cruz Biotechnology), rabbit anti-vesicular glutamate transporter 1 (VGLUT-1) (Synaptic Systems), mouse anti-Myc (Synaptic Systems), rabbit anti-green fluorescent protein (GFP) (Synaptic Systems), mouse anti-chicken ␣-tubulin (Sigma), and mouse anti-FLAG M2 (Invitrogen). Alexa Fluor 546-and 488-and horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin G (IgG), goat anti-rabbit IgG, sheep anti-goat IgG, and goat antichicken IgG were all purchased from Invitrogen. All antibodies were used at the concentrations recommended by the supplier.
Two-hybrid screening and mapping studies. A pVP16-based yeast two-hybrid cDNA library was kindly provided by S. P. Klinken (Western Australian Institute for Medical Research). Murine Rab3D-N (amino acids [aa] 1 to 151) and Rab3D-C (aa 151 to 219) terminal plasmid baits were generated by PCR and cloned into pBTM116 yeast expression vectors containing the LexA reporter gene. For cDNA library screening, the baits were introduced in the yeast reporter strain L40 together with the pVP16 mouse embryo cDNA library (prey) using lithium acetate and polyethylene glycol. Library plasmids that grew on minimal agar plates lacking histidine (His Ϫ ) were screened for LacZ activity using standard ␤-galactosidase activity assays (38) . Positive clones isolated from the cDNA library were further confirmed by isolating clone inserts and reintroducing them into the yeast strain with the baits and screening for growth. For mapping studies, truncated forms of Rab3D cDNA (encoding Rab3D aa 1 to 74, aa 74 to 95, aa 74 to 219, aa 1 to 151, and aa 95 to 219) were cloned into pBTM116 vectors and cotransformed with pVP16-Tctex-1 into the L40 reporter strain and analyzed for His ϩ activity and ␤-galactosidase activity. Similarly, pVP16-Tctex-1 was cotransformed with the pBTM116 LexA-fused Rab3D, Rab3C, Rab5, Rab5N-35, Rab5L-7a, or Rab6L72 plasmid and screened for His ϩ reporter activation. cDNAs encoding Rab5, Rab5N-35, Rab5L-7a, and Rab6L72 were generously provided by M. Zerial and H. Stenmark (Max Planck Institute of Molecular Cell Biology and Genetics).
Expression plasmid construction. The complete cDNA encoding murine Tctex-1 cDNA was PCR amplified from the pVP16 vector used in the Y-2H screen and subcloned into the pGEX-3X bacterial expression vector. Mammalian expression constructs containing Myc-tagged Rab3A, Rab3B, Rab3C, and Rab3D cDNAs were generously provided by R. Regazzi (13) . C-terminal FLAGtagged Tctex-1 was a kind gift from K. S. Campbell (3) . A FLAG-tagged Rab3D vector was generated by subcloning the full-length mouse Rab3D cDNA into a pcDNA 3.1 mammalian expression vector containing a FLAG epitope. The generation of enhanced yellow fluorescent protein (EYFP)-tagged Rab3Dwt, Rab3D Q81L , Rab3D
N135I
, and Rab3D
⌬CXC cDNA constructs has previously been described (32) . An EYFP-fused Rab3Awt expression plasmid was constructed by subcloning the full-length mouse Rab3A cDNA into a pcDNA 3.1 vector containing an EYFP. An EGFP-Rab7 vector was kindly provided by B. van Duers (2) .
Cell culture and transfections. COS-1 and RAW 264.7 cells were grown per American Type Culture Collection guidelines in either Dulbecco's modified Eagle's medium (DMEM) or ␣-modified MEM (␣-MEM) supplemented with 10% fetal calf serum (FCS). Plasmid transfections used Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. All cell cultures were maintained in 5% CO 2 at 37°C.
Expression, isolation, and pulldown of GST-Tctex-1. Expression of glutathione S-transferase (GST)-Tctex-1 was performed essentially as described in reference 54. To express FLAG-Rab3D, ϳ5 ϫ 10 5 COS-1 cells were transfected with 10 g of FLAG-Rab3D plasmid for 2 days, after which cells were washed with ice-cold PBS and lysed on ice with 750 l of lysis buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.1% Nonidet P-40, 0.7 g/ml pepstatin). Following centrifugation at 12,000 rpm for 5 min at 4°C, supernatant was collected and 750 l of binding buffer (20 mM Tris-Cl [pH 7.5], 50 mM KCl, 100 mM NaCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 5 mM dithiothreitol [DTT] ) was added to the supernatant and mixed. One half of the sample was added to 10 g of GST protein alone immobilized in glutathione agarose beads and the other to 10 g of the GSTTctex-1 fusion protein. The mixture was incubated overnight at 4°C, and then the beads were washed with lysis buffer and binding buffer. The bound proteins were analyzed by SDS-PAGE and immunoblotting using anti-FLAG M2 monoclonal antibodies.
Immunoprecipitations and immunoblotting. ]GTP to proteins blotted on nitrocellulose membrane was carried out as previously described (32) . Bioluminescence resonance energy transfer (BRET) assays were performed as described in reference 7, with minor modifications. In brief, the complete cDNA encoding murine Tctex-1 was fused to the Renilla luciferase (Rluc) donor fluorophore contained within a pcDNA 3.1 mammalian expression vector. COS-1 cells were transiently cotransfected with pRluc-Tctex-1 and an EYFP-fused (acceptor fluorophore) construct encoding Rab3D wt , Rab3D
Q81L
, Rab3D
N135I
⌬CXC , and Rab3A wt or EYFP alone (negative control) for 2 days, after which coelenterazine (5 M, H form; Invitrogen) was added and repeated BRET readings were immediately collected within 440-to 500-(Rluc) and 510-to 590-(EYFP) nm windows using a Mithras LB940 BRET plate reader (Berthold Technologies, Inc., Germany). The BRET ratio was defined as [(emission at 510 to 590 nm) Ϫ (emission at 440 to 500 nm) ϫ cf]/(emission at 440 to 500 nm), where cf corresponds to (emission at 510 to 590 nm)/(emission at 440 to 500 nm) for the Rluc construct expressed alone in the same experiment. Where indicated, cells cotransfected with pRluc-Tctex-1 and pEYFP-Rab3Dwt were treated with vehicle (dimethyl sulfoxide [DMSO]), cytochalasin D (cyto D; 1 M; Sigma), brefeldin A (BfA; 6 g/ml; Sigma), or nocodazole (Noc; 6 g/ml; Sigma) prior to measuring BRET signals.
Sequence and structural alignment. Primary sequence alignments were performed by using ClustalW. Protein structures were modeled with Swiss-PdbViewer.
Generation and isolation of OCLs. Osteoclastic cells were generated using two established pro-osteoclastic systems. The first utilized RAW 264.7 cells, an M-CSF-independent murine monocyte-macrophage cell line shown to support the differentiation of osteoclast-like cells (OCLs) in the presence of RANKL (100 ng/ml) (54) . The second employed either bone marrow macrophages (BMMs) or human peripheral blood monocytes (PBMCs) differentiated with RANKL (100 ng/ml) and M-CSF (25 ng/ml) as previously described (32) . For the isolation of mature primary human osteoclasts, cells were mechanically disaggregated from osteoclastoma tissue (giant cell tumor of bone) according to methods outlined in reference 12. Osteoclastoma tissue, sourced from 2 independent cases, was collected fresh from patients postoperatively (Sir Charles Gairdner Hospital, Nedlands, WA, Australia). All patients consented, and experiments were approved by a Human Ethics Committee, The University of Western Australia. Cells were harvested and processed for total RNA extraction, velocity density gradient centrifugation, and immunoblot analysis or seeded onto either glass coverslips or devitalized cortical bovine bone surfaces before being fixed and processed for immunofluorescence microscopy.
RT-PCR. Total RNA was isolated from OCLs using RNAzol solution according to the manufacturer's instructions (Ambion Inc.). For reverse transcription (RT)-PCR, cDNA was prepared from 2 g of total RNA using reverse transcriptase with an oligo(dT) primer. All PCRs were carried out using 2 l of each cDNA using the following cycling parameters: 94°C, 45 s; 54°C, 45 s; and 72°C, 45 s for 30 cycles (except the calcitonin receptor [CTR] whose annealing temperature was 60°C). Primers (designed against the indicated mouse sequences) for Rab3D (forward, 5Ј-ATGGCATCCGCTAGTGAG-3Ј; reverse 5Ј-CTAACA GCTGCAGCTGCT-3Ј), Tctex-1 (forward, 5Ј-ATGCGTTAAAGATGGAAGA CTTC-3Ј; reverse, 5Ј-TCAGATGGACAGTCCGAAGG-3Ј), CTR (forward, 5Ј-TGGTTGAGGTTGTGCCCA-3Ј; reverse, 5Ј-CTCGTGGGTTTGCCTCATC-3Ј), and acidic ribosomal phosphoprotein (36B4) (forward, 5Ј-TCATTGTGGG 1552 PAVLOS ET AL. MOL. CELL. BIOL.
AGCAGACA-3Ј; reverse, 5Ј-TCCTCCGACTCTTCCTTT-3Ј), which served as an internal control, were used. Ten microliters of each PCR product was separated on a 1.5% agarose gel containing ethidium bromide and photographed. siRNA-mediated Tctex-1 knockdown, bone resorption assays, and medium CTx-1 measurements. Silencer predesigned small interfering RNAs (siRNAs) directed against human Tctex-1 (denoted TC1 to TC3) and nontargeting control siRNAs (negative and GFP) were purchased from Ambion: Tctex-1 siRNA TC1 (siRNA ID no. 18162), Tctex-1 siRNA TC2 (siRNA ID no. 139626), Tctex-1 siRNA TC3 (siRNA ID no. 139627), negative-control siRNA (Silencer negative control no. 1 siRNA), and GFP siRNA (Silencer GFP [eGFP] siRNA). For siRNA experiments, 100 nm of Tctex-1-directed or control siRNAs were transfected into osteoclastic cells using HiPerfect transfection reagent (Qiagen) in accordance with the manufacturer's protocol and level of mRNA and/or protein suppression analyzed by semiquantitative RT-PCR and immunoblotting after 48 h posttransfection. For osteoclastogenesis experiments, MCSF-dependent monocytes isolated from human peripheral blood (PBMCs) were transfected with siRNA and stimulated with 100 ng/ml RANKL on days 1, 3, and 6 of osteoclast formation. After 10 days of culture, osteoclast-like cells were stained for tartrate-resistant acid phosphatase (TRACP) activity, and numbers of osteoclastic cells with more than 5 nuclei were quantified. To assess bone resorption activity, PBMCs were induced to form osteoclasts with 100 ng/ml RANKL and 25 ng/ml M-CSF. Mature PBMC-derived osteoclasts were seeded onto bovine bone slices and silenced as described above for 48 h, after which the culture media were collected, osteoclasts were fixed with 4% paraformaldehyde and stained for TRACP activity, and resorption pits visualized by scanning electron microscopy (SEM) and surface texture profilometry using the Zygo NewView 6300 3D optical profilometer (Zygo Corporation, CT). Resorption pit depth and volume were analyzed using MetroPro Advance Texture software (Zygo Corporation, CT). Medium CTx-1 levels were determined using the CrossLaps for culture ELISA kit (Immunodiagnostic Systems) according to the manufacturer's instructions.
Velocity density gradient centrifugation and immunoprecipitation of Rab3D-Tctex-1 complexes in osteoclastic cells. Velocity density gradient centrifugation was performed as previously described in reference 19, with minor modifications. Briefly, ϳ3 ϫ 10 7 osteoclastic cells were pelleted, and cell extracts were prepared as described in "Immunoprecipitations and immunoblotting." A total of 500 l of the clarified supernatant was layered on top of 12 ml of 5 to 20% linear sucrose density gradient prepared in the lysis buffer without Triton X-100. After centrifugation at 150,000 ϫ g for 18 h in an SW40 rotor (Beckman Coulter), 1-ml fractions were collected and analyzed by immunoblotting using antibodies to Rab3D, Tctex-1, IC74, and ␣-tubulin. For the immunoprecipitation of endogenous Rab3D-Tctex-1 complexes, peak Rab3D-Tctex-1 fractions were pooled, supplemented with GTP[␥S] (0.5 mM), and immunoprecipitated overnight with either anti-Rab3D or IgG control antibodies essentially as described above. Immunocomplexes were captured with protein G-Sepharose 4 Fast Flow (GE Healthcare), washed, and resolved by SDS-PAGE and immunoblotting with antibodies against Rab3D and Tctex-1.
Immunofluorescence confocal microscopy. For immunofluorescent staining, human osteoclasts cultured on glass coverslips or devitalized cortical bovine bone discs were fixed with either 4% paraformaldehyde (PFA) in PBS for 15 min at room temperature and permeabilized for 5 min with 0.1% Triton X-100 in PBS or methanol (Ϫ20°C) for 10 min. In some instances, osteoclasts were preincubated with microtubule stabilizing buffer (MTSB) {80 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] [pH 6.8], 1 mM MgCl 2 , 4 mM EGTA} supplemented with 0.5% Triton X-100 for 30 s at room temperature prior to methanol fixation or with 0.02% saponin to release free cytosolic dynein and Rab protein, respectively. Nonspecific binding of antibodies was blocked by 10% FCS in PBS for 30 min, after which cells were incubated with primary antibody diluted in 0.2% bovine serum albumin (BSA)-PBS for 1 h at room temperature. Following extensive washing, bound primary antibodies were visualized with Alexa Fluor secondary antibody conjugates (Invitrogen). Where indicated, osteoclasts were incubated with media containing either vehicle (DMSO) or the microtubule depolymerizing agent nocodazole (6 g/ml; Sigma) for 2 h. Hoechst 3342 dye (Invitrogen) was used to visualize cell nuclei. In some instances, siRNA-treated human osteoclasts seeded on bovine bone slices were immunostained for rhodamine-conjugated phalloidin (Invitrogen) and anti-Rab3D antibodies to monitor sealing zone/ruffled border formation and Rab3D localization, respectively. Detection of fluorochromes was carried out with a confocal laser scanning microscope (CLSM) (MRC-1000; Bio-Rad), equipped with 40ϫ (UV, numerical aperture [NA] of 1.2) and 60ϫ (NA of 1.6) oil immersion lenses (all Nikon). Confocal sequences were collected as Bio-Rad PIC files and were converted to bitmaps for use in Image J (NIH).
Statistics and data presentation. Results were statistically analyzed using a two-tailed Student t test using GraphPad Prism version 3.00 (GraphPad Software). All data shown represent one of at least three independent experiments.
RESULTS
Identification of Tctex-1 as a Rab3D binding protein. To identify candidate Rab3D-interacting proteins, we performed a yeast two-hybrid (Y-2H) screen of a randomly primed mouse embryo cDNA library using the N terminus of murine Rab3D as "bait." This approach yielded 100 histidine/LacZ-positive (His ϩ /LacZ ϩ ) clones from approximately 75 ϫ 10 6 cotransformants. Among these, five independent clones (M18, M30, M37, M39, and M40) were identified that carried the open reading frame Tctex-1 (t-complex testis-expressed-1), also designated the DYNLT1 gene (33) , encoding a 14-kDa light chain of the minus-end microtubule motor complex cytoplasmic dynein (20) (Fig. 1A and B) . Further Y-2H analyses revealed that Tctex-1 specifically interacted with members of the Rab3 GTPase subfamily (Rab3C/D, Fig. 1C ) but not other Rab family proteins tested, including Rab5 and Rab6 (Fig. 1C) . The specificity of this Rab3D-Tctex-1 binding was verified biochemically by in vitro glutathione S-transferase (GST)-pulldown assays using purified recombinant GST-Tctex-1. As shown in Fig. 1D , immunobilized GST-Tctex-1, but not GST alone (negative control), efficiently recovered FLAG-tagged Rab3D from transfected cell lysates, indicating that Rab3D forms a complex with Tctex-1.
To map the regions of Rab3D that are required for Tctex-1 interaction, we next generated a series of Rab3D deletion constructs and tested their ability to interact with Tctex-1 by Y-2H analysis ( Fig. 1E and F) . Whereas full-length Rab3D and amino acid truncations (aa 1 to 151 and aa 74 to 219) of Rab3D exhibited strong interactions with Tctex-1, amino acid deletions (aa 1 to 74 and 95 to 219) completely abrogated this association, suggesting that amino acids 74 to 95 were both sufficient and required for binding between Rab3D and Tctex-1 and thus represent the likely interacting domain. Indeed, positive interaction between Tctex-1 and Rab3D aa 74 to 95 was confirmed by subsequent Y-2H analyses (Fig. 1G ). Structural and sequence analyses revealed that amino acid residues 74 to 95 (Fig. 1I , QIWDTAGQERYRTITTAYYRGA, yellow underline) map to loops 4 and 5 and the short amphipathic ␣-2 helix of the Rab3D switch II/GTP-binding motif, a region conserved among Rab3 isoforms ( Fig. 1H and I ). This region is also notably conserved among other Rab family members thus far not examined, including Rab1 and Rab8, hinting that Tctex-1 may interact with multiple Rab isoforms as observed with most Rab effectors (9) .
In vivo interaction between Rab3D and Tctex-1 is GTP dependent. The binding of Tctex-1 to the switch II region of Rab3D implied that the Tctex-1 interaction may be dependent on the guanine nucleotide (GDP/GTP) status of Rab3D, a feature characteristic of all bona fide Rab effector molecules. Consistent with this position, coimmunoprecipitation experiments using Myc-tagged wild-type Rab3A, -B, -C, and -D and FLAG-Tctex-1 loaded with either GDP or GTP[␥S], a nonhydrolyzable form of GTP, revealed that Tctex-1 preferentially interacted with Rab3D and other Rab3 family members alike, when locked in its GTP-bound form (Fig. 2A) . This GTP dependence was similarly observed in reverse coimmunoprecipitation experiments using FLAG-Tctex-1 with the EYFPtagged Rab3D wild type and selective Rab3D mutants deficient in either GTP hydrolysis (Rab3D Q81L ) or GTP/GDP binding (Rab3D N135I ) with both the wild-type and constitutively active (Q81L) Rab3D showing strong binding to Tctex-1, with weak coprecipitation observed between Tctex-1 and the nucleotide-empty, and thus inactive, N135I mutant ( Fig. 2B  and C) .
To further probe the guanine nucleotide dependence of the Rab3D-Tctex-1 interaction in vivo, we also sought to study whether Tctex-1 showed similar GTP-dependent binding specificity for Rab3D expressed in live mammalian cells using bioluminescence resonance energy transfer (BRET) assays (7) . To this end, COS-1 cells were cotransfected with Tctex-1 fused to an Rluc reporter gene together with either EYFP-tagged Rab3A, Rab3D, or Rab7 or Rab3D mutant Rab3D Q81L , Rab3D N135I , or Rab3D ⌬CXC (prenylation deficient). Consistent with the above data, we found that Tctex-1 strongly bound both Rab3A and Rab3D. This binding was significantly enhanced when Tctex-1 was coexpressed with Rab3D in its "GTP-locked" form (Rab3D Q81L ). Conversely, the inactive Rab3D N135I mutant showed low binding to Tctex-1 comparable to but higher than that seen with the controls EYFP alone and Rab7 (Fig. 2D) . These findings further indicate that the Rab3D-Tctex-1 interaction is GTP dependent.
Tctex-1 co-occupies Rab3D vesicles in osteoclastic cells. Next, we probed for endogenous Tctex-1-Rab3D expression and subcellular localization in osteoclastic cells. We reasoned that if the GTP-Rab3D-Tctex-1 interaction is physiologically relevant, then the two proteins should not only be coexpressed but also share the same intracellular compartment. Accordingly, RT-PCR analysis using primers specific to mouse Rab3D and Tctex-1 revealed that both mRNA transcripts are constitutively expressed during RANKL-induced differentiation of RAW 264.7 macrophages into TRACP/calcitonin receptor (CTR)-positive osteoclast-like cells (Fig. 3A and B) . Similar results were observed at the protein level, with Tctex-1 expression, like that of its Rab3D interaction partner, remaining relatively constant in mouse M-CSF-dependent bone marrow macrophages (BMMs) stimulated in either the presence or absence of RANKL (5-day stimulation) compared to that of vesicular glutamate transporter (VGLUT-1), an established pro-osteoclastic marker (29) (Fig. 3C) .
Rab3D has long been recognized as a marker of secretory vesicles and Golgi membranes in a wide range of specialized cells, including osteoclasts (27, 32) . Consistently, immunolocalization studies using well-characterized antibodies specific to Rab3D and Tctex-1 demonstrated that Rab3D localizes to small intracellular vesicles particularly evident in the juxtanuclear region and cytoplasm of cultured human osteoclastic cells (Fig. 4A and B) , reminiscent of secretory vesicles. Importantly, Tctex-1 immunofluorescence strongly colocalized (yellow signal) with Rab3D-positive vesicles both in the perinuclear and peripheral vicinities, possibly reflecting its association with both nascent and/or recycling secretory vesicle subpopulations. A similar colocalization was observed with highly polarized osteoclasts actively resorbing bone. Figure 4B shows representative XY and XZ projections of an image volume of a resorbing osteoclast doubly immunostained for Rab3D and Tctex-1. A comparative overlay of single-image channels shows that most Rab3D-postive vesicles contain Tctex-1, suggesting that the two proteins coexist on secretory vesicles as an endogenous complex. This position is further supported by biochemical analyses, with Tctex-1 found to cosegregate (Fig. 4C , fractions 9 and 10) and coimmunoprecipitate ( Fig. 4D) with Rab3D in subfractionated osteoclastic cells.
Tctex-1-Rab3D interaction links cytoplasmic dynein and microtubules to vesicle transport. As Tctex-1 is an established light chain of the cytoplasmic dynein motor complex (20) and thus a candidate regulator of microtubule-mediated vesicle transport in osteoclasts, we also examined the endogenous localization of Tctex-1 and Rab3D, with respect to cytoplasmic dynein and the microtubule network. First, we compared the sedimentation profiles of Tctex-1 and Rab3D in subfractionated osteoclasts with antibodies against the conventional cytoplasmic dynein intermediate chain (IC74) and ␣-tubulin. As illustrated in Fig. 4C , peak immunopositive fractions of both Rab3D and Tctex-1 closely comigrated with dynein IC74. Partial overlap between Rab3D-Tctex-1 fractions was also observed with ␣-tubulin, which exhibited a broad sedimentation profile. Next, we probed for endogenous Rab3D-Tctex-1-dynein-microtubule association by immunofluorescence microscopy. For this purpose, osteoclasts were briefly pre-extracted with microtubule stabilizing buffer to release free cytosolic dynein and Rab3D, fixed, and double immunostained using antibodies against either IC74 or ␣-tubulin in combination with Tctex-1 and Rab3D. As expected, confocal microscopy revealed strong colocalization between Tctex-1 and its direct dynein-binding partner IC74 (25, 28) in osteoclasts (Fig. 5A) . Clear colocalization between dynein IC74 and Rab3D-positive vesicles in osteoclasts actively resorbing bone (Fig. 5B, insets) was also observed. In addition, close association between both Tctex-1 (Fig. 6A) and Rab3D (Fig. 6B ) and the microtubule network was observed, with Rab3D vesicles often observed intimately aligning along individual microtubule tracks (Fig.  6B, inset, arrows) . Interestingly, this Rab3D-Tctex-1-microtubule coupling could be disrupted following the addition of the microtubule depolymerizing agent nocodazole (Noc), but not other actin (cytochalasin D [cyto D]) or early biosynthetic transport (brefeldin A [BfA]) inhibitors, as evidenced by immunofluorescence microscopy (Fig. 6C) and BRET analyses VOL. 31, 2011 Tctex-1 INTERACTS WITH Rab3D (Fig. 6D) . Taken together, these data imply that Rab3D vesicles associate with cytoplasmic dynein and microtubules, possibly via direct interaction with Tctex-1. Targeted RNAi ablation of Tctex-1 impairs osteoclastic bone resorption. To explore whether Tctex-1 is a functional requirement of osteoclastic bone resorption, we next devised an RNA interference (RNAi) strategy to specifically suppress Tctex-1 in osteoclasts derived from isolated human peripheral blood monocytes (refer to Materials and Methods). To ensure a sustained level of Tctex-1 suppression during osteoclastogenesis, isolated M-CSF/RANKL-stimulated monocytes were repeatedly transfected with either Tctex-1-targeted or control siRNAs throughout osteoclast differentiation and assayed for Tctex-1 expression levels upon osteoclast maturation. Three independent Tctex-1 siRNAs (denoted TC1 to TC3) and two control siRNAs (negative and GFP) were initially screened for their ability to deplete mRNA expression of Tctex-1. As shown in Fig. 7A and B, whereas the control siRNAs failed to alter the mRNA expression levels of Tctex-1, the specifically targeted Tctex-1 siRNAs exhibited differential Tctex-1 knockdown potential in osteoclastic cells. By far, Tctex-1 siRNA TC1 proved the most potent, achieving consistent Tctex-1 knockdown (Ͼ50%) at both the mRNA (Fig. 7A to C) and protein (data available on request) levels during osteoclastogenesis (Fig. 7C ) and upon direct delivery into fully mature osteoclastic cells (Fig. 7A and B) . siRNA TC3 also showed sustained suppression of Tctex-1 expression levels during osteoclast formation and maturation, albeit to a lesser degree than TC1. On the other hand, Tctex-1 siRNA TC2 was comparatively inefficient and thus excluded from subsequent investigations.
As we had validated the knockdown approach, mature human osteoclasts pretreated with either control (negative) or Tctex-1-targeted siRNAs (TC1 and TC3) were cultured on cortical bone discs for 48 h to assess bone resorption capacity. To our satisfaction, comprehensive analyses of bone resorptive parameters (including resorptive area, depth of pits, and pit volume) revealed a significant decrease in bone resorptive function in osteoclasts treated with Tctex-1 siRNA TC1 compared to the control (Fig. 7D to G) . TC3-treated osteoclasts also showed similar decreases in resorptive capacity; however, only pit depth measurements reached statistical significance. Moreover, analysis of medium CTx-1 concentration, a marker of bone resorption, revealed a significant decrease in CTx-1 release in both TC1 and TC3 siRNA knockdown osteoclast cultures, consistent with the reduced pit depth phenotype (Fig.  7H) . Importantly, this loss of resorptive function was not simply a reflection of impaired osteoclastogenic potential and/or sealing zone/ruffled border formation as monitored by staining for TRACP (Fig. 8) and F-actin (Fig. 9) , respectively. Moreover, this resorption deficiency phenocopies the bone resorption defects observed with osteoclasts lacking Rab3D (32), suggesting that, like Rab3D, Tctex-1 constitutes a functional component of the osteoclastic bone resorptive machinery. Human peripheral blood monocyte (PBMC)-derived mature osteoclasts were transfected with the indicated siRNAs directed against either human Tctex-1 (TC1 to TC3) or control nontargeting siRNAs (negative and GFP) (100 nM), and mRNA levels were examined by semiquantitative RT-PCR. The level of Tctex-1 expression was normalized to that of 18S rRNA and expressed as a percentage of the control. (C) Comparative knockdown efficiency of Tctex-1-targeted siRNAs TC1 to TC3 during osteoclast differentiation. PBMCs were transfected with either Tctex-1 (TC1 to TC3) or control (negative [Ctrl] ) siRNAs, and Tctex-1 mRNA levels were directly monitored and compared by semiquantitative RT-PCR during RANKL-induced osteoclastogenesis over 5 days. The level of Tctex-1 expression was normalized to that of 18S rRNA, and data are presented as fold expression over that of the negative siRNA control. (D) Bone resorptive activities of Tctex-1 knockdown PMBC-derived osteoclasts (TC1 and TC3) were determined by culturing osteoclasts at a low density on bovine bone slices for 48 h. Osteoclasts were stained for TRACP, bone slices were assessed by scanning electron microscopy (SEM), and resorptive parameters were quantified. Representative images of resorption pit depths analyzed by SEM (left) and surface texture profilometry on a 3D optical profilometer (Zygo NewView 6300) (right). Note that the individual color scale bars reflect the differing pit depths between Tctex-1 knockdown and control osteoclasts, with pits from Tctex-1 knockdown osteoclasts deemed morphologically shallow. Quantification of the average resorptive area (E), depth (F), and average volume (G) of resorption pits quantified per bone slice from Tctex-1 knockdown and control osteoclasts. (H) The culture media from each 96-well plate were collected, and CTx-1 levels were measured by enzyme-linked immunosorbent assay (ELISA) (n ϭ 6). All data are expressed as mean Ϯ SEM and representative of three independent experiments. * , P Ͻ 0.05; ** , P Ͻ 0.01 versus control.
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siRNA knockdown of Tctex-1 mislocalizes Rab3D vesicles during osteoclastic bone resorption. Finally, to gain insight into the mechanism underlying this bone resorption deficiency and potential contribution of Tctex-1 in Rab3D vesicle transport, we examined the effect of siRNA-mediated Tctex-1 knockdown on the subcellular localization of Rab3D during osteoclastic bone resorption. To this end, human osteoclasts grown on bovine bone slices were treated with either control siRNA (negative) or Tctex-1-targeted siRNAs (TC1 and TC3) for 48 h before being fixed and immunostained for Rab3D. In parallel, osteoclasts were stained with rhodamine-conjugated phalloidin to gauge the impact of siRNA treatment on osteoclast F-actin ring formation, a hallmark of osteoclast polarization and ruffled border integrity. As shown in Fig. 9 , whereas the control siRNA had no obvious effect on the intracellular distribution of Rab3D, treatment with Tctex-1-targeted siRNAs resulted in a marked mislocalization of Rab3D immunofluorescence. This was particularly evident with the perinuclearly residing Rab3D, which appeared to be redistributed into large vesicular structures in the outer periphery of osteoclasts actively resorbing bone (Fig. 9, arrows) . This effect was not an off-target phenomenon, as this mislocalization was observed using two independent Tctex-1 siRNAs (TC1 and TC3). By comparison, little observable differences in the F-actin ring/ sealing zone formation between control and Tctex-1 knockdown cells were noted, suggesting that the ruffled border membrane remained largely unaltered. Taken together, these data indicate that Tctex-1 is required to maintain the spatial positioning of Rab3D vesicles during osteoclastic bone resorption. Tctex-1 knockdown mislocalizes Rab3D-bearing vesicles in bone-resorbing osteoclasts. Human osteoclasts were cultured on bone in the presence of either control (Ctrl) or Tctex-1-targeted siRNAs (TC1 and TC3). After 48 h, osteoclasts were fixed with 4% PFA, immunostained with rhodamine-conjugated phalloidin/F-actin (red) and anti-Rab3D antibodies (green), and examined by laser scanning confocal microscopy. Images are XY and XZ projections of a confocal image stack of human osteoclasts actively resorbing bone, with nuclei visualized by Hoechst 3342 (blue). Note that whereas Rab3D immunofluorescence is localized predominately to the perinuclear vicinity in control siRNA-treated osteoclasts (Ctrl), Rab3D is redistributed markedly to peripheral clusters (white arrows) upon Tctex-1 depletion. Resorptive pits and osteoclast surfaces are demarcated by large and small white dashes, respectively. Bars, 10 m.
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